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Summary. Hyperhydric malformations affecting shoots under micropropa
gation, a phenomenon called vitrification or hyperhydricity, appear as re-
sulting from an unability of the organs to adapt completely their whole
defense battery composed of enzymes against activated oxygen species and
of solublereductants, in front of several simultaneous stresses dueto in vitro
culture conditions. Two different types of calli, habituated to both auxins
and cytokinins, show typical characteristics of hyperhydricity. Although they
appear to be protected against deleterious reactions generated by stresses,
behaviour in darknessinstead of light and several biochemical features prone
for the calli still being tissues under permanent stress. Paradoxical results
unexplained by literature datalead to areappraisal of fundamental questions
related to stresses, especially in relation to hyperhydricity and habituation.
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Hyperhydric malformations as a response to stress conditions

The term vitrification, recently rebaptized hyperhydricity (Debergh et al., 1992),
encompasses a teratological process occurring during the in vitro multiplication of
plants (reviews by Debergh et al., 1981; Kevers et al., 1984; Gaspar et a., 1987;
Paques and Boxus, 1987; Ziv, 1991; Gaspar, 1991). This physiological disorder is
apparent through so-called hyperhydric malformations affecting stems and |eaves.
The malformations (stems thickened with shorter internodes, thick leaves frequently
elongated, wrinkled and/or curled, and brittle) result from:

— deficienciesof cell wall edification, namely cellulose and lignin deposition (Kevers
and Gaspar, 1985a; Kevers et al., 1987, 1988) and associated deficiency in or-
ganisation of certain tissues such as the vascular bundles (Leshem, 1983a; Ziv
et a., 1983) and the palisade tissue (Brainerd et al., 1981; Debergh et al., 1981,
Vieitez et a., 1987);

— deficienciesin cuticule and wax deposition (Grout and Aston, 1978; Sutter and
Langhans, 1979; Ziv et al., 1983, 1987; Aitken-Christie et a., 1985; John, 1986;
Dhawan and Bhojwani, 1987) and of stomata closure (Brainerd et al., 1981;
Leshem, 1983a,b; John, 1986);

— reduced cell-to-cell adhesion resulting in breakability of the organs;

— deficiency of chlorophyll accumulation (Hegedus and Phan, 1983; Phan and
Letouzé, 1983; Ziv et a., 1983; Franck et al., 1995);

— hyperhydricity resulting in watery tissues (Keverset al., 1984; Crévecoeur et al.,
1987). The water in excess has been shown to be merely located in the intercel -
lular spaces and in the foamy walls (Kevers and Gaspar, 1986).

These symptoms appear at different degrees. At extremes, vitrification leads to
disfunctioning of the primary meristems (the appearance of fasciated stemsisthefirst
most clearcut visible manifestation) and even to their death through the well known
phenomenon of (humid) apex necrosis (Kataevaet al., 1991; Gaspar et a., 1991).

Hyperhydricity affects shoots at the proliferation stage, never at the rooting stage
(Gaspar et a., 1991). The above structural teratomas have been associated with sev-
eral biochemical deviations concerning nitrogen metabolism (L etouzé and Daguin,
1983; Daguin and L etouzé, 1985, 1986), the synthesis of tetrapyrrole-containing com-
poundsincluding chlorophylls (Franck et a., 1995), the phenolic metabolism (Hede-
gusand Phan, 1983; Keverset a., 1984), the activity of the different peroxidase types
(Keverset al., 1984; Kevers and Gaspar, 1985a; L etouzé and Daguin, 1987), inrela-
tion with auxin and ethylene metabolism (Kevers et al., 1984; Kevers and Gaspar,
1985h; Gaspar, 1986; Gaspar et al., 1987; Phan, 1991) and lignification (Daguin and
Letouzé, 1985; Kevers and Gaspar, 1985a; Kevers et al., 1987; Letouzé et Daguin,
1987). A tentative pathway of the biochemical eventsleading to vitrification has been
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proposed by Kevers et al. (1984). This pathway was considered as an adaptive re-
sponse of the tissues submitted to several stresses simultaneously. Such stresses can
belisted asfollows:

— injury dueto the prior dissection of the explants;

— the osmotic shock caused by infiltration of the culture medium into the intercel-
lular spaces (Bottcher and Goring, 1987; Bottcher et al., 1988) confirmed by typi-
cal fluxes of Caand K ions (Kevers and Gaspar, 1986);

— thehighrelative humidity of the flask atmosphere, merely inliquid or floppy soft
media (Debergh and Maene, 1984; Williams and Taji, 1991);

— the high ammonium content of the media (Daguin and L etouzé, 1986);

— theconfined atmospheres of the jars accumulating ethylene and other gases (Kevers
and Gaspar, 1985b; Dillen and Buysens, 1989; Phan, 1991; Demeester et d., 1995);

— the high amount of cytokinins (benzyladenine more than other cytokininsis ef-
ficient) or of substituted ureas (thidiazuron for instance) whose penetration in
thetissueisfacilitated on soft media ( Debergh, 1983; Bornman and V ogel mann,
1984; Leshem et al., 1988; Williams and Tgji, 1991; Cambecédes et al., 1991).

In this context, several authors have observed that isopentenyl transferase trans-
formed-shoot cultures of tobacco (which overproduce cytokinins) have fasciated
stems with thick and breakable leaves, and often accumul ate decreased amounts of
chlorophyll (Memelink et a., 1987; Smigocki et a., 1988; Hamdi et al., 1995). There-
fore, these transgenic shoots resembl e vitrified shoots. There is also evidence that
both exogenously applied- and endogenously produced-cytokinins give responses
similar to those achieved by various stresses (Harding and Smigocki, 1991). Moreo-
ver it was proposed that cytokinin act as asignal transducer coordinating metabolic
changes in Mesembryanthemun cristallinum leaves with the water status of whole
plant (Thomas et al., 1992). Changes in water contents are clearly an important fea-
ture of vitrified tissues.

Cell wall and plasma membrane synergistically produce some NADH oxidation
activities capable of generating superoxide anion and hydrogen peroxide (Fig. 1) play-
ing several physiological roles namely in defense mechanisms (Vianello and Macri,
1991). Membrane systems however are the primary sites of stresses action. Stresses,
whatever their kinds, generate different activated forms of oxygen (Fig. 2) which can
be deleterious for the tissues, causing damages at the membrane itself (Dhindsa et
a., 1981; Thompson et al., 1987; Winston, 1990; Kumar and Knowles, 1993; Bladier
et al., 1994). Free radical mediated-membrane disruption involves de-esterification
of membrane phospholipids, accumulation of saturated free fatty acids, and
peroxidations forming deleterious aldehydes (Arbillot et a., 1991) (Fig. 3). Plant
tissues as animal tissues however are normally equipped of abattery of defence sys-
tems against these toxic oxygen formsincluding reducing enzymes and reducing sub-
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Fig. 1. Synergistic action of cell wall and plasma membrane in NADH oxidases me-
diated generation of free radicals and hydrogen peroxide at the surface of plant cells
(AA = ascorbate; CW = cell wall; DA = diamine; Fp = flavoprotein; MDHA = mono-
dehydroascorbate; OX = oxidase; PA = polyamine; PX = peroxidase; RED = reductase;
TURBO = transmembrane redox system), (adapted from Vianello and Macri, 1991)

stances listed in Fig. 2. Considering vitrifying and vitrified tissues under stress con-
ditions, we have attempted to evaluate their capacity to adapt their defence systems
against activated forms of oxygen using several approaches and three different plant
model materials. We cameto be confronted with paradoxical results unexplained with
the literature of our knowledge. We ssimply want to open the debate hoping that it
will enrich the experimental approach of the process of hyperhydricity.
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Fig. 2. Free-radical chain reaction forming activated oxygen forms leading to cellular
damages, and the possi bl e defense mechanisms (enzymes and reductants). The Asada—
Halliwell pathway is detailed. (Additional abbreviations from Fig. 1: DHA = dehyd-
roascorbate; GSH = reduced glutathione; GSSG = oxidized glutathione)

Vitrification of shoots of Prunus avium and its reactions

Normal shoots of Prunus avium are produced through axillary proliferation using
benzyladenine (1 mg.I1) as cytokininin a medium solidified by agar (8 g.I™Y) in four
weeks multiplication cycles. The substitution of agar by gelrite (2.5 g.I™), allowing
the medium to become somehow softer, induces vitrification of 100% of the shoots
within three weeks, the first morphological symptoms becoming clearly visiblefrom
the 7th day (Franck et al., 1995). Such avitrifying effect of gelrite had been shown
before by Zimmerman et al. (1991) and Bonga and Von Aderkas (1992). By com-
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Fig. 3. Degradation products resulting from the oxidation of polyunsaturated fatty acids

parison with normal shoots produced on agar, the vitrifying shoots accumulate less
chlorophylls. As shown from the results of Table 1, vitrifying shoots (on gelrite), com-

Table 1. Relative activities or amounts of stress defense systems and markersin fully habitu-
ated nonorganogenic (HNO) calli (vs normal (N) ones) and in vitrified (V) shoots (vs normal
(N) ones), (- means higher; ~ means lower)

Sugarbeet callus Wild sherry shoots
HNO/ N (after 14 V/N (after 28
days of culture) days of culture)
Enzymatic systems of defence
SOD - =
CAT B N
GPX B N
AA PX - N
MDHA RED B N
DHA RED - N
GRED - N
Water soluble reductants
Ascorbate / B
Dehydroascorbate / N

Glutathione N =

Exogenous reducing power
Ferricyanide reduction

Markers of lipid peroxidation
Peroxide index
MDA -

Other markers of stress
Proline - -
PAs - -
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pared with normal shoots (on agar), develop a higher superoxide dismutase (SOD)
activity, asdo generally most of the plants submitted to physical or chemical stresses.
SOD disembarrasses the tissue of the accumulated superoxide ions by transforming
them into H,O,. In most plants under stress, thisH,0, generally isitself eliminated
through catal ase and through areinforcement of the so-called Halliwell-A sada path-
way (Foyer and Halliwell, 1976; Asada and Takahashi, 1987; Jahnke, 1991) involv-
ing ascorbate peroxidase, mono- and dehydro-ascorbate reductases and glutathione
reductase, and ascorbate and glutathione as substrates (Fig. 2). These defence enzymes
have been determined with lower activities in the vitrifying shoots of Prunus avium
which hasled to the conclusion that the hyperhydric malformations resulted from the
inability of the shoots, submitted to different stresses simultaneously, to adapt nor-
mally their battery of defence enzymes against the toxic oxygen forms (Franck et al.,
1995). Exactly the same conclusion has been reached quite independently by Sankhla
(see comments in Agricell Reports vol. 23, number 2). The further analysis of free
ascorbate and dehydroascorbate levelsin the same vitrifying material indicated lev-
els lower than in normal shoots (Franck et al.,1996) apparently in agreement with
the above hypothesis. The hyperhydric malformationsincluding necroses (limited at
leaf borders at this stage) thus might well result of nonprevented deterioration at the
levels of membranes. Malondialdehyde (MDA) classically is considered as an indi-
cator of deleterious peroxidation at the membranelevel (Kosugi and Kirugawa, 1989).
It ismeasured as the major aldehyde reacting with thiobarbituric acid (TBA) (Hagege
et al., 1990b). TBA-reactive substancesjust have been determined in vitrifying Prunus
avium shoots at levelslower than in normal shoots (Franck et al.,1996). Thelevel of
hydroperoxide which generally account for cell biomembrane damages (Winston,
1990; Deby, 1991) was also determined with lower levelsin vitrifying shoots. These
two results are apparently in contradiction with the above hypothesis of unadaptation
to stress.

A fully habituated callus of sugarbeet as a model of hyperhydric tissue

A fully habituated (whose growth became independent of exogenous application of
auxin and cytokinin) line of sugarbeet in our hands since 1981 (Keverset a., 1981)
has been described with several typical characteristics of a hyperhydric tissue:

— hyperhydricity and watery aspect (Gaspar et al., 1988);

— deficiency of cell wall structuration (Crévecoeur et al., 1987, 1992) with defi-
cient lignification (Crévecoeur et al., 1987; Hagége et al., 1991a);

— low levels of chlorophylls (Crévecoeur et al., 1987; Bisbis et al., 1994);
— disturbed nitrogen metabolism (Le Dily et al., 1993a,¢);
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friability (comparableto breakability in vitrified shoots), which has been attrib-
uted to a high degree of pectin esterification (Linerset al., 1994);

susceptibility to necrosis when not subcultured through short (14 to 21 days) cy-
cles (Hagége et a., 1992a; Le Dily et a., 1993b), which may correspond to the
process of apex necrosisin vitrifying shoots,

the loss of organogenic potential which may correspond or be a more advanced
form of the diminished capacity of primary meristems of vitrified shoots to or-
ganizewell structured stems and leaves (Bornmann and V ogelman, 1984; Gaspar
etal., 1991).

Is the fully habituated sugarbeet callus under stress ?

Several biochemical features of this callus prone for it being atissue under perma-
nent stress (Le Dily et a. 1993b):

first, SOD, glutathione reductase, monodehydroascorbate reductase, dehydroas-
corbate reductase, and ascorbate peroxidase were found to have higher activi-
ties in the habituated (H) callus compared to a normal (N) one (Kevers et a.,
1992; Hagege et al., 1992a).

second, the H callus contains high levels of polyamines (Kevers et al., 1985;
Hagege et al., 1990a; Le Dily et al., 1991) which generally accumulate in re-
sponse to environment stresses (Slocum and Weinstein, 1990). Polyamines are
considered as having scavenging propertiesfor freeradicals (Drolet et ., 1986;
Mahmoud and Melo, 1991). The peroxide index of the H callus is very low
(Hagége et al., 1990a) which isin agreement with its strong scavenging capaci-
ties. An experimentation comparing chemiluminescence from N and H cells un-
der the effect of SOD and catalase indicated that H cells produced less
chemiluminescent species and less hydrogen peroxidethan N cells (Carriéet dl.,
1994), again in agreement with above results showing that H cells had a better
protection against oxygen free radicalsthan N cells.

thirdly, the H callus behaves as an ammonia-stressed tissue through altered ni-
trogen metabolism, as compared with aN callus. The H callus has higher NH;
and glutamate contents that the N callus. It iswell known that stress alters am-
monia metabolism (Lovatt, 1990). In these ammonia conditions the mitochon-
dria glutamate deshydrogenase (GDH) may function in the direction of the gluta-
mate synthesis (Y amaka and Oak, 1987). There is indeed an increase of GDH
activity in the H callus (Le Dily et a., 1993a). It may be the result of de novo
synthesis in response to ammonia as demonstrated in various stress conditions
(Srivastava and Singh, 1987). This result is corroborated by the findings of
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Letouzé and Daguin (1983) who demonstrated the appearance of a GDH
isoenzyme in vitrified cherry cuttings obtained on excessive NH; media. The
elevated level of GDH would explain the higher production of glutamate in the
H callus. This callus is porphyrin-deficient as most of the vitrified tissues (see
above). The lack of chlorophylls which are built from glutamate (Beale and
Weinstein, 1989) thus may contribute to the high glutamate content

— fourthly, proline, which is a good indicator of stress conditions (Bellinger and
Lahrer, 1987), accumulates at ahigher level in the H callusand it has been shown
that proline accumulating in the H callus was the major source of ornithine for
polyamines synthesis (Le Dily et al., 1993d).

An additional photooxidative stress might be superposed. Indeed the transfer of
the albino habituated sugarbeet callus to darkness improved its growth and delayed
necrosis without affecting the nitrogen compounds such as glutamate, proline and
polyamines (Kevers et a., 1995). The favourable effect of darkness might be attrib-
uted to the recovery of carotenoids (Bisbiset al., 1994; Keverset al., 1995). The par-
alel recovery of peroxidase activity might also be questioned. Darkness reduced the
level of TBA-reactive substances in the habituated callus while the reverse was ob-
served in the normal green one.

Is the fully habituated periwinkle cell line C20A under stress?

A fully habituated line of periwinkle (Catharanthus roseus) called C20A has been
selected from the 2,4-D-dependent line C20 ten years ago (Mérillon et al., 1986).
Some characteristics of thisline have been described (Mérillon et al., 1989; Ouelhazi
et al., 1993; Mérillon et al., 1994, 19953, b). The line has not been investigated as
thoroughly as has been the habituated sugarbeet line in terms of stress reactions but
the following conclusions may be drawn:

—  first, habituation changes the lipid composition of microsoma membranes and
isassociated with arisein membrane fluidity (Mérillon et al., 1995a). As already
observed by Arbillot et al. (1991) in senescing habituated calli of sugarbeet, the
18:1to 18:2 ratio isincreased but in contrast with results reported by these au-
thors, comparable malondial dehyde contents are observed in both the 2,4-D-de-
pendent line and the habituated line. It is known that an increase in membrane
fluidity is often accompanied by a decrease of desaturase activities (Brown et
al., 1987 and references therein): this may explain the decrease in the 18:2 rela
tive proportion in C20 cells;

— second, preliminary investigations on activities of some enzymes associated with
defence mechanisms against activated oxygen forms, show that catalase, ascor-
bate peroxidase and glutathi one-reductase areincreased in the line C20A as com-
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pared to line C20. Moreover, putrescine contents are about 5-fold higher in the
C20A linethaninthe C20 line. These data suggest that the fully habituated line
has stronger scavenging capacities than the 2,4-D-dependent line.

Paradoxical results and questions

Vitrifying shoots and sugarbeet habituated calli both are hyperhydric materials and
both appear under continuous stress. This may be related to their unability to over-
come several simultaneous stresses by adapting completely their battery of defence
mechanisms against activated oxygen forms. Thisuncapacity was different. Both tis-
sues increased their SOD activity but “failed” to adapt catalase activity. Vitrifying
shoots also failed to adapt the Asada—Halliwell system involving ascorbate peroxi-
dase and glutathione reductase and their water-soluble reductants. The habituated
callus had higher activities of the enzymes of the Asada—Halliwell system but had
lower or no content of ascorbate, dehydroascorbate and glutathione levels than the
normal one. The latter result might be interpreted as an unadaptation to stress dueto
the absence of reductors or on the contrary as a good adaptation, the low level of
reductants being due to a high turn-over of the Asada—Halliwell pathway. The per-
oxideindex isrelatively low indeed in the habituated callus and crude extracts show
an anti-lipoperoxidant potential higher than this of the N callus (Hagége et al., 1993),
but the MDA level is high which is another paradox. Also paradoxical was that vit-
rifying shoots lowered both their peroxideindex and their MDA level (Franck et al.,
1996). Theformal acquaintance between the peroxide index and the MDA level, and
their relationships with stress, therefore have to be reappraised. Can weimagine that
MDA may originate from other sources than membrane lipids? Do we miss some of
the in vivo realities due to analyses in somehow crude extracts in vitro? Crude ex-
tracts of the sugarbeet habituated callus indeed exhibited poor peroxidase activity
(Keverset a., 1981; Gaspar et al., 1988; Hagége et al, 1992b) while purified plasma-
membranes exhibited high activity (Hagége et al., 1991b). In such teratomas, it may
also happen that different compartments from the abnormally structurated cells re-
act in opposite manners.

As far as the differences between vitrifying wild cherry shoots and sugarbeet
habituated calli are concerned, of course it must be considered that the formers en-
ter aneoplasic progression while the latters are at the end, finishing with true can-
cerous cells (Gaspar et al., 1991). In this context, the strong antioxidant properties
of thefully habituated cell line might be correlated with its higher level of auxin pro-
tectors (Keverset al., 1981; Gaspar et al., 1988). Stonier (1970) and Stonier and Y ang
(1971, 1973) indeed already established a correlation between deficient differentia-
tion of plant tumor cells and auxin protector content. As already proposed (Le Dily
et a., 1993a), the habituated cells might result from punctual mutations occurred
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while they tended to protect themselves against the deleterious radicals under the
stresses, when they entered in vitro. This adaptation might have resulted in the in-
creaseinthefreeradical scavenging propertiesthrough polyamines and to a decrease
of the functioning of the free radical-producing systems (photosynthesis? auxin ca-
tabolism ? ethylene formation ?). Cells from the habituated callus finally appear as
cells having succeeded partially in escaping culture stressing conditions: either they
still cannot avoid some of the stresses (see above) or their modified structures have
rendered them still more susceptible to some of them. Such questions and such a
debate have also been raised for the immortalization and malignant transformation
of animal cells (Oberley and Oberley, 1988).
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